ABSTRACT
Ar, amino acid racemization, and luminescence age estimates. The pattern of sedimentation through time indicates poor drainage integration of southern Marsh Valley through most of the last ca. 640 ka and suggests slow basin subsidence along Quaternary faults mapped on the basin edges. Marsh Valley initially incised into that valley fi ll sequence ca. 19 ka, shortly before the Bonneville Flood. Marsh Creek is a markedly underfi t stream occupying a meandering, broad valley carved into the valley fi ll sequence. These geomorphic and sedimentologic patterns suggest non-catastrophic Lake Bonneville overfl ow before and after the Bonneville Flood.
In Portneuf Valley, ca. 8.5-7.4 Ma basin fi ll and a bedrock pediment are perched 800 m above the modern valley fl oor. Major incision of basin fi ll and bedrock by the ancestral Portneuf drainage system occurred prior to the Middle to Late Pleistocene, when two cut-fi ll events resulted in accumulation of alluvial fan deposits extending ~10-60 m above the modern valley fl oor and basalt extending ~10 m below to 20 m above the modern valley fl oor. Final incision by Lake Bonneville overfl ow is evident but relatively minor in comparison to the cumulative downcutting. Overall, incision is attributed to isostatic subsidence of the eastern Snake River Plain, which served as base level for the Portneuf drainage system after passage of the Yellowstone hot spot in late Miocene time.
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INTRODUCTION
Neogene basins of southeast Idaho formed within the active Basin and Range province and on the shoulders of the initially tumescent and then subsiding Yellowstone-Snake River Plain magmatic center. The drainage systems in the region thus reveal a complex history of drainage capture, active faulting, and volcanism, capped by the latest Pleistocene Bonneville Flood. Here we describe the basin evolution of Marsh Valley and Portneuf Valley, two major basins in the Portneuf River drainage that exemplify that complex history.
The fi eld guide traces the path of Marsh Creek and the Portneuf River, which also represents the path of the Bonneville Flood. The guide examines evidence for base level change, drainage capture, and the Bonneville Flood.
GEOLOGIC SETTING
Several Cenozoic basins mark the intersection of the northeastern Basin and Range province with the eastern Rocky Mountain Region and the Snake River Plain. Marsh and Portneuf Valleys in southeast Idaho are examples of these Cenozoic basins (Fig. 1) . The major physiographic features in both these valleys include dissected horsts of Proterozoic and Paleozoic bedrock, broad fl at-bottomed valleys, and transverse valleys (e.g., Portneuf Gap) that transect mountain ranges and connect valleys (Ore, 1982) . Middle and Late Pleistocene geologic features including lava fl ows, overfl ow features from the Bonneville Flood, and extensive valley-bounding benches with linear edges. Together, these features reveal the recent geologic history of this region.
In southeast Idaho, the late Cenozoic structural basins are characterized by a multi-stage history outlined by Ore (1982) . The initial stage is the tectonic formation of the basins by Basin and Range faulting during late Miocene time. The valleys are principally half-grabens and the corresponding ranges are horsts of late Neoproterozoic and Paleozoic marine sediments. These valleys were initially fi lled with detritus from uplifted horst blocks as well as volcanic ash derived from rhyolite eruptions on the Snake River Plain. Initial excavation of this basin fi ll refl ects basin capture and base level changes, which Rodgers et al. (2002) attributed to subsidence of the Snake River Plain. A fi nal incision and fi lling episode, associated with Lake Bonneville overfl ow before, during, and after the Bonneville Flood, created the present valley fl oor levels in both Marsh and Portneuf Valleys.
Marsh and Portneuf Valleys are structural basins bounded by ranges consisting largely of Neoproterozoic and Paleozoic sedimentary rocks ( Figs. 1 and 2 ). North-striking, west-dipping normal faults cut the bedrock to defi ne half-grabens, with the faults showing several kilometers of cumulative slip. The resulting grabens fi lled with the late Miocene and Pliocene Salt Lake Group comprising variable amounts of fl uvial, lacustrine, and volcaniclastic sediments (Oriel and Platt, 1980; Ore, 1982; Link et al., 1985) . In Marsh Valley, the Middle to Late Pleistocene formation of Marsh Valley (Long and Link, 2007) overlies the Salt Lake Group and is composed of fl uvial, alluvial, and lacustrine sediments (Shields, 1978; Gaylen, 1978; and Steele, 1980) that are locally diffi cult to discern from the Salt Lake Group (Kruger et al., 2003) . In Portneuf Valley the Pleistocene fl uvial, alluvial, and lacustrine sediments are subhorizontal and more poorly consolidated than the east-tilted, well-indurated Salt Lake Group.
Gravity studies in both Marsh and Portneuf valleys detail the structure and sub-surface morphology. Henrich (1979) and Cumming (1980) concluded that Marsh Valley is a full graben structure with a depth of 2.5 km in the south and 1.7 km depth in the north. Kruger et al. (2003) combined geophysical investigations with geologic mapping from Crane (2000) , Pope et al. (2001) , and Janecke and Evans (1999) to produce a generalized structural map of the Marsh Valley area showing that the valley is an asymmetric full graben with a major normal fault on the east side and a minor normal fault on the west side of the valley.
The most recent geophysical study of Portneuf Valley (Reid, 1997) showed that the valley is divided into two basins separated by a gravity high at Red Hill. That gravity high corresponds to a segment boundary in the range-bounding Fort Hall Canyon fault (Rodgers and Othberg, 1999) .
Investigation of the Quaternary history of Marsh Valley originated with G.K. Gilbert's (1890) initial investigation into the development and subsequent overfl ow of Lake Bonneville. While Gilbert apparently did not enter Marsh Valley, he did infer that an outburst fl ood had occurred. O'Connor (1993) and Malde (1968) subsequently described the path of the Bonneville Flood, characterized its deposits, and inferred its hydraulics. Several masters' degree students and other authors have completed work in both Portneuf and Marsh Valley areas (Gaylen, 1978; Shields, 1978; Steele, 1980; Pope, 2002; Bush, 1980; Reid, 1997; Kruger et al., 2003) . Most of this work has focused on geophysical research into valley structure, with limited focus on Quaternary deposits. Shields (1978) and Steele (1980) , however, examined small outcrops of the formation of Marsh Valley and inferred depositional environments based on the material exposed.
Despite the long history of research in Marsh Valley, several aspects of the Quaternary development of Marsh Valley remained unknown until recently, including timing of depositional and erosional events, correlation of stratigraphic units on a broad scale, factors controlling the depth of the basin, relation of the sedimentary and geomorphic record to fl uctuations of Pleistocene Lake Bonneville, and the relationship and sensitivity of the valley to Snake River Plain tectonics, to local volcanism, and to climatic fl uctuations. These questions were addressed in the yetto-be-fi nished Idaho State University M.S. thesis work of Andrew Drabick, on which much of this fi eld guide contribution is based. Drabick conducted fi eld work in [2005] [2006] Ar dating of rhyolitic tephras).
PLUVIAL LAKES AND BONNEVILLE FLOOD
Basin and Range faulting, coupled with altered climate patterns during Quaternary glaciations led to the formation of numerous pluvial lakes in closed basins throughout the province. Pleistocene Lake Bonneville was the largest of these pluvial lakes and at its largest extent covered 51,530 km 2 in western Utah and Parts of Nevada and Idaho (O'Connor, 1993) . Latest Pleistocene lake level rise in the Bonneville Basin is attributed to two distinct events: the fi rst is the diversion of the Bear River around 50 ± 10 ka (Bouchard et al., 1998) , which increased discharge into the basin by 33% and the second is cooler, moisture conditions during the Late Pleistocene (Bright, 1963; McCoy, 1987; Bouchard et al., 1998) . Lake level rose until it reached its maximum elevation of 1552 m near Red Rock Pass. The lake level was maintained at this elevation for at least several hundred years until the fl ood was initiated at ca. 17 ka (14.5 14 C ka; Malde, 1968; O'Connor, 1993; Benson et al., 2011) . We speculate below that non-catastrophic overfl ow may have initiated several thousand years earlier.
At Red Rock Pass, the lowest point along the Lake Bonneville margin, alluvial fans resulting from erosion of the nearby Portneuf and Bannock Ranges joined above Tertiary aged tuffaceous sediments and Cambrian Limestone .
The level of the lake was maintained at this elevation, 1552 m, for at least hundreds of years based on the shorelines cut at this height (O'Connor, 1993) . The coalesced alluvial fan surface is known as the Zenda threshold (Oviatt et al., 1992 (2000), Kruger et al. (2003), and Eversaul (2004) .
the presence of the Cambrian limestone (O'Connor 1993). When fl ow of the water shifted west into less consolidated sediments, the channel widened rapidly and caused slope failures in numerous locations, allowing for the breakout of the fl ood (Malde, 1968; O'Connor, 1993; Janecke and Oaks, 2007) . The path of the fl ood originated at Red Rock Pass and traveled north into Marsh Valley and eventually through the Portneuf Gap and the Portneuf Valley before entering the Snake River Plain at Michaud Flats (Malde, 1968) . 
NEW FINDINGS CONCERNING THE MIDDLE AND LATE PLEISTOCENE HISTORY OF MARSH VALLEY
As noted, recent investigations have revealed new details of the Middle and Late Pleistocene stratigraphy of southern Marsh Valley and developed a chronology for the deposits. Here we highlight major fi ndings of that investigation.
Northern Marsh Valley contrasts sharply with southern Marsh Valley (Fig. 1) . While southern Marsh Valley is broad and exposes thick accumulations of unconsolidated sediment, the northern valley is considerably narrower and exposes minimal unconsolidated sediment. The northern portion is dominated by the basalt of Portneuf Valley, which erupted 430 ± 70 ka ( (Scott et al., 1982) . Upon entering the broad middle portion of Marsh Valley, the main mass of the basalt fl ow turned north to fi ll the fl oor of northern Marsh Valley, the Portneuf Gap, and southern Portneuf Valley. A smaller portion of the basalt of Portneuf Valley ponded southward into Marsh Valley, creating a sill for the small amounts of water draining north from southern Marsh Valley. Drainage was diverted both west and east of the fl ow, creating a classic inverted topography.
Southern Marsh Valley is dominated topographically by prominent benches cut by an incised broad, fl at-bottomed meandering valley. Alluvial fan/bajada surfaces mark both the east and west sides of the valley. The western bench exposes alternating alluvial gravel and loess, and appears to merge topographically with a broad bench occupying the center of the valley and exposing fl uvial and lacustrine/paludal sediments. The bench on the east side appears to rise above the central bench and thus may be older than the western and central benches.
Marsh Creek is a markedly underfi t stream occupying a broad valley (1-2 km) cut into the western/central bench surface. That valley extends southeast to the Red Rock Pass area, and is marked by alluvial terraces inset between the upper bench surfaces and the valley fl oor, particularly in southwest Marsh Valley. The general pattern of this incised valley along the length of southern Marsh Valley is that of a very long and broad meander (wavelength ~12 km, amplitude ~7 km).
The morphology of this incised valley suggests that a large river fl owed through the valley and, consequently, that Lake Bonneville overfl owed its sill in the Red Rock Pass area before and/or after the Bonneville Flood. That is, we infer that Lake Bonneville overfl owed at its sill, before the fl ood (sill at Bonneville lake level) and/or after the fl ood (sill at Provo lake level). As the Bonneville Flood entered southern Marsh Valley, the sudden loss of stream power caused deposition of extensive gravel deposits, eroded from the Red Rock Pass area, mantling the entire central bench (O'Connor, 1993) . The main portion of the catastrophic fl ow was thus in a depositional mode in this area rather than an incisional mode, and the incision is more likely to have occurred when sediment load was lower and incisional capacity higher, i.e., by non-catastrophic, but signifi cant, Bonneville overfl ow. Non-catastrophic overfl ow prior to the Bonneville Flood has also been suggested by S. Janecke (2010, personal commun.) and was implied by Currey (1982) , and ca. 2.5 ka (17 cal ka-14.5 cal ka) of non-catastrophic overfl ow was documented for the post-fl ood Provo lake level by Godsey et al. (2005) . Recent sediment core-based work in the western Bonneville basin by Benson et al. (2011) suggests non-catastrophic overfl ow for ca. 1.5 ka (18.5-17 ka) before the fl ood and for ca. 1.8 ka (17-15.2 ka) after the fl ood.
The central and southern benches expose a laterally extensive sequence of Middle and Late Pleistocene lacustrine/paludal and alluvial sediments (these sediments are incorporated into a single stratigraphic unit known as the formation of Marsh Valley), dating from 637 ± 3 ka ( 40 Ar/ 39 Ar tephra age, Stop 1.1) to 19.22 ± 1.40 ka (UNL1435, OSL age, Stop 1.2). The overall stratigraphic pattern is of laterally and vertically extensive lacustrine/ paludal sediments with thin (<1.5 m) interbeds of alluvial sand and gravel. The lacustrine/paludal sediments consist largely of green, white, and light brown, generally massive silty clay and clayey silt, with locally common gastropod and bivalve shells.
Together, the sediment character and mollusk taxa suggest dominance of a shallow marsh environment much like that along Marsh Creek in southern Marsh Valley today. Marsh deposition was interspersed with occasional aggradation of alluvial fan sand and gravel into the marsh environment. Thus, southern Marsh Valley appears to have been poorly drained and poorly integrated into the Portneuf River drainage through most of its known Middle and Late Pleistocene history. The primary exception to this pattern is the inferred period of non-catastrophic and catastrophic Bonneville overfl ow, during which suffi cient discharge entered the valley to drain readily into the Portneuf drainage.
Why has southern Marsh Valley remained poorly drained through the Middle and Late Pleistocene? We propose two explanations. First, the basalt of Portneuf Valley clearly acted as a sill after ca. 430 ka for drainage from southern Marsh Valley, and likely is partly responsible for poor drainage after that time. However, we have found paludal sediments as old as 637 ± 3 ka ( 40 Ar/ 39 Ar ash age), indicating poor drainage prior to emplacement of the basalt of Portneuf Valley. Our second explanation is that Marsh Valley experienced tectonic subsidence throughout the Middle and Late Pleistocene. As noted in the geologic background at the beginning of this section, southern Marsh Valley has a thick sediment fi ll and is bounded on its western edge by a normal fault with inferred Quaternary motion (Pope et al., 2001) . Offset on that fault would induce subsidence of the fl oor of Marsh Valley and maintain poor drainage integration with the Portneuf River.
Incision of the broadly meandering, modern Marsh Creek valley into the main bench surface appears to have occurred shortly after 20 ka, and may refl ect initial, non-catastrophic Lake Bonneville overfl ow. As described with Stop 1.2 below, alluvial fan gravel is interbedded with overbank and/or eolian silt in the top 3-4 m of sediment below the bench surface on the southern edge of Marsh Valley. The uppermost gravels are in thin (<50 cm), discontinuous lenses suggestive of shallow channels cut into the fan surface. An OSL age of 19.22 ± 1.40 ka (UNL1435) was determined for a silt bed associated with the uppermost gravel bed. Thus, gravel deposition on the fan surface appears to have ceased around or shortly after 20 ka. We infer that the cessation of fan gravel deposition occurred when the small streams incised into the fan surface, in response to the incision of the valley of Marsh Creek into the fan surface (see above). If the incision of Marsh Creek into the fan surface was a result of non-catastrophic Bonneville overfl ow, as discussed above, then these inferences suggest that Lake Bonneville reached a level near its gravel dam at Red Rock Pass as early as ca. 20 ka. At that time, water would either have begun leaking through the gravel dam or overfl owed the dam, creating a river in Marsh Creek, large enough to cause incision of the fan surface to isolate the broad benches marking southern Marsh Valley. As noted, Benson et al. (2011) suggested that Lake Bonneville overfl owed at sill level for ca. 1.5 ka before the Bonneville Flood, starting ca. 18.5 ka. The OSL age noted here and Benson et al.'s (2011) inference are broadly compatible.
PORTNEUF VALLEY LATE CENOZOIC GEOLOGY AND LANDSCAPE EVOLUTION
Portneuf Valley is a small basin located northwest of Marsh Valley along the southern margin of the eastern Snake River Plain (ESRP) (Fig. 1) . Like Marsh Valley, it initially formed in response to late Miocene Basin-Range tectonism but Portneuf Valley was more strongly infl uenced by ESRP tectonism due to its marginal location. As explained below, the modern Portneuf Valley is interpreted to be deeply incised into the original, late Miocene Portneuf Valley due to base level changes associated with ESRP surface subsidence.
The Bannock and Pocatello Ranges were originally one coherent horst uplifted on the west-dipping Arbon Valley fault, but this horst was subsequently cut by several normal faults including the Fort Hall Canyon fault (Figs. 3, 4) . The age of faulting is constrained by the 8.5 Ma to <7.4 Ma age of a 900-m-thick section of conglomerate and tuff, equivalent to the Salt Lake Group, that accumulated in the hanging wall of the Fort Hall Canyon fault (Rodgers and Othberg, 1999) . Faults and rocks including the Salt Lake Group were tilted 25° east by the time faulting ceased sometime after 7.4 Ma, creating the original Portneuf Valley.
After deposition of the Salt Lake Group ended, Portneuf Valley primarily experienced incision and dissection. Incision is suggested by two features perched 800 m above the modern Portneuf Valley that we interpret as the fl oor of the original valley. One feature is an expanse of tilted Salt Lake Group at Justice Park in the Bannock Range, ~20 km south of Pocatello (Figs. 3, 5) . The other is a 5 km 2 pediment beveled into tilted bedrock just south of Kinport Peak, ~7 km southwest of Pocatello (Figs. 3, 5 ). Both features occupy the graben side of the Fort Hall Canyon fault and both features currently lie at an elevation of ~2150 m. As cross-cutting relations indicate the pediment post-dates Basin-Range tectonism, and as no younger faults are present, the simplest interpretation is that ~800 m of incision occurred to lower the valley fl oor to its current elevation of ~1350 m (Rodgers et al., 2002) .
The latest Miocene to Early Pleistocene history of incision is virtually unknown since no rocks of this age are preserved in the valley. After signifi cant material was removed from Portneuf Valley and the adjacent Bannock and Pocatello ranges, two distinctive bajadas, now preserved as the East and West Benches (Fig.  3) , formed at elevations of 1600-1420 m. These fan deposits of inferred Middle Pleistocene age (Scott et al., 1982) are ~50 m thick and overlie an unconformity that dips gently inward toward the valley axis (Fig. 4) . Ore (1982) interpreted these relations as a Pleistocene cut-fi ll event in response to downstream base level change and/or climate fl uctuations. We agree, and according to our interpretation the age and elevation of Benches provides evidence that most of the 800 m of valley incision occurred prior to the Middle Pleistocene (Fig. 6) .
The 430 (Trimble, 1976) through northern Marsh Valley and Portneuf Valley, and thus documents incision to ~1350 m by that time. If the Portneuf basalt is younger than the bench deposits, it records a second cutfi ll event in which the Middle Pleistocene(?) bajada was incised by an axial river whose channel was then fi lled by basalt (Fig. 6 ) (Ore, 1982) .
Post-basalt incision in Portneuf Valley occurred to the west of the basalt and created the modern Portneuf River fl oodplain. Whether this channel was excavated continuously after ca. 430 ka or primarily during the 17 ka Bonneville Flood has not been determined from relations within the valley. Certainly the fl ood had a major impact-the constriction at Portneuf Gap created a hydraulic jump that increased stream power and led to significant erosion downstream (O'Connor, 1993) . In the waning fl ood stages, considerable deposition of coarse gravels occurred within the modern fl oodplain and especially northwest of Portneuf Valley on the ESRP (Fig. 3) . Post-Bonneville landscape evolution in Portneuf Valley has been relatively limited. A landslide, now occupied by the Johnny Creek subdivision, displaced the southern West Bench and destroyed the fl uvial scarp along the channel's west side (Fig.  4) (Rodgers and Othberg, 1999) . Elsewhere the Benches are cut by transverse drainages with small fans at their mouths (Fig.  3) , evidence of re-grading to the new (lower) local base level of ~1360 m. The modern Portneuf River is an underfi t stream within its broad fl oodplain. Figure 3 for profi le locations. The top of the Salt Lake Group (Tsu) and Proterozoic (Z) bedrock near Kinport Peak are interpreted to defi ne a latest Miocene pediment surface equivalent to the fl oor of the ancestral Portneuf Valley, which graded northward to an ancestral volcanic plateau on the eastern Snake River Plain (ESRP). After the volcanic plateau migrated northeast to Yellowstone, eastern Snake River Plain subsidence led to crustal fl exure and surface downwarping along the ESRP southern margin. Ancient streams that fl owed from the Basin-Range to ESRP, like the Portneuf River, adjusted to lowering base level by incising as much as 800 m. During the latest stages of incision, Quaternary-Pliocene basalt (QPb) accumulated on the ESRP. Modifi ed from Rodgers et al. (2002) .
Taken together, these geologic and geomorphic relations provide evidence for deep and widespread incision of the original Portneuf Valley, with most incision occurring from ca. 7 to 1 Ma (Fig. 6) . Ore (1982) suggested that downstream base level changes induced the Pleistocene cut-fi ll events, and Rodgers et al. (2002) proposed the fi rst-order cause of base level change was Snake River Plain surface subsidence. According to this model, an ancient analogue to the Yellowstone plateau was located north of Portneuf Valley from 7 to 10 Ma as manifested by rhyolite vent locations (Trimble, 1976; Pierce and Morgan, 1992; Kellogg et al., 1994) . Northeast passage of the volcanic plateau after ca. 7 Ma, to its current location at Yellowstone, resulted in surface subsidence of the ESRP due to loading and thermal contraction (Brott et al., 1981; Rodgers et al., 1990 Rodgers et al., , 2002 McQuarrie and Rodgers, 1998) . Beginning sometime shortly after 7 Ma, the ancestral Portneuf drainage system probably reversed from south-directed to north-directed, and headward erosion of those streams-driven by ESRP surface subsidence-ultimately created the integrated drainage network of today. Evidence of the relation between ESRP subsidence and incision is provided by map-scale features in Portneuf Valley. First, rocks along the southern ESRP margin experienced northward fl exure along a ENE axis, such that traces of older west-dipping structures like the Arbon Valley and Fort Hall Canyon faults bend abruptly northeast (Fig. 3) . Second, the modern Portneuf Valley is elongated NNW, oblique to the original north-trending half-graben but perpendicular to the ESRP fl exural axis. Consequently, incision of the original Portneuf Valley was not restricted to the more easily eroded Miocene basin fi ll but instead through both basin fi ll and bedrock, transverse to the original structural trend (Fig.  3) . Both features are interpreted to be responses of the ESRP margin to subsidence of the ESRP province proper.
FIELD GUIDE
Stops in this fi eld guide are arranged from south to north, starting in southern Marsh Valley. (This is the fi rst day of a larger fi eld trip for this meeting. See Link et al., this volume) .The road This pit, now converted to a shooting range in classic East Idaho style, exposes sediments typical of the upper portions of alluvial fans in southern Marsh Valley. The exposure consists of several lenses of gravel that pinch and swell along the quarried face, suggesting shallow, gravel-bedded stream channels. Gravel beds generally coarsen upward and contain interbeds of fi ne sand and silt. This pattern is repeated through the 3-5 m pit wall exposure. The top of the quarried face is marked by a loess/ overbank silt bed. This bed yielded an OSL age of 19.22 ± 1.40 ka (UNL1435). Elsewhere in the face, this horizon is overlain by thin gravel layers. These relationships suggest that deposition on the alluvial fan ceased shortly after 20 ka, as discussed in the text.
Return to Old Malad Highway, turn right, and return 3.8 mi northeast to Highway 91 at Downey, turn left (north) on Highway 91. Drive 0.5 mi north on Highway 91 to Woodland Road; turn left. Drive 2.8 mi west on Woodland Road, atop the central bench of Marsh Valley. Immediately beyond the I-15 interchange (and before the road descends into the Marsh Creek valley), turn right on Tool Road. Drive 1.6 mi, north then west, on Tool Road (a.k.a. South Ray Road), passing piles of drying peat excavated from the fl oor of Marsh Creek valley. After 1.6 mi, and on curve of road to north, pull over at small farm track descending off edge of bench on left side of road. Park here and walk down short track to exposures on left side. Note that this exposure lies on private land, and permission should be obtained before entering. The section at this location is dominated by fi ne-grained paludal/lacustrine sediment with a fi ne pebble interbed and a carapace of presumed Bonneville Flood gravel. The section consists of a basal clay-silt unit 1.5 m thick with shells of Flumnicola and other taxa, overlain by 0.3 m of sandy pebble gravel, which yields sparse fragmental bone fossils, itself overlain by 2 m of light-colored clay-silt and coarsening upward into fi ne-medium sand. This upper clay-silt unit also yielded shells of Flumnicola and other taxa. Flumnicola from the lower shell-bearing bed yield an amino acid racemization age estimate of 116 ka, and from the upper shell-bearing bed an estimate of 138 ka. These age estimates are stratigraphically reversed, so the specifi c age estimates are not reliable, but the age estimates do suggest a latest Middle Pleistocene age for these strata. Flumnicola from the top of a nearby section yielded an age estimate of 107 ka. That section also contains abundant vertebrate fossils, including degraded tusks of mastodon or mammoth and bones of other mammals typical of Middle to Late Pleistocene fauna of the region.
This stop also has a revealing view of the incised Marsh Creek valley and the west bench beyond. Note the breadth of this valley, its marshy character and poor drainage, and the alluvial terraces on the far side. These terraces suggest an extended period of incision and deposition by a sizeable river. The west bench of Marsh Valley visible from this location is part of an extensive bajada lying at the foot of the Bannock Range. A silty deposit (loess?) capping the upper gravel in the alluvial fan surface yielded an OSL age of 78.0 ± 6.0 ka (UNL 1434).
Retrace route 1.6 mi back to I-15 interchange at Woodland Road. Proceed north on I-15. The next stop is ~30 mi north of this location in Pocatello. The following road log reveals pertinent features along that route. I-15 traverses the broad, fl at central terrace of Marsh Valley. Note the gravel pits being excavated into Bonneville Flood gravels at various locations.
Milepost 36: ~5 mi north on I-15 from the entrance point at Woodland Road, and a short distance north of Exit 36, the broad, meandering valley of Marsh Creek approaches the interstate from the southwest.
Milepost 40: Four miles north of Exit 36, the interstate passes Arimo. Large gravel pits at the southern end of Arimo have been excavated into Bonneville Flood gravel bars noted by O'Connor (1993) .
Milepost 43: The 430 ka Portneuf basalt can be seen to the west of the interstate. The Portneuf basalt originated in Gem Valley, ~20 mi NE of here, and fl owed down the Portneuf River drainage through Lava Hot Springs and then west into Marsh Valley, entering the valley ~2 mi NE of here. The lava mainly fl owed north toward Inkom and Pocatello, but ponded southward into Marsh Valley, forming a sill for southern Marsh Valley.
Mileposts 47-54: The interstate is located on top of the 430 ka Portneuf basalt. The basalt was scoured by the Bonneville Flood with minimal deposition of gravel. Glimpses of the incised Marsh Creek fl oodplain can be seen to the west (left) while the Portneuf River is incised in a narrow, hidden valley to the east (right). Beyond the two incised fl oodplains are muted fl uvial scarps cut across the broad bajadas.
Milepost 55: Bedrock highs in the valley center forced a constriction in the basalt fl ow. As the interstate drops off the basalt and into the confl uence of Marsh Creek and Portneuf River, the basalt, river channels, and interstate all make a broad 90° bend and head west directly through the Bannock Range.
Milepost 58-59: Interstate rises to top of Portneuf basalt. Incised Portneuf River valley visible to south (left), with prominent fl uvial scarp cut into bedrock on south side.
Milepost 60: Immediately south of here is a well-defi ned alluvial fan, sourced from the south, that post-dates the Bonneville Flood.
Milepost 61: Note the small quarry in Bonneville Flood gravels adjacent to the south side of the interstate. A mile ahead is the Portneuf Gap, a prominent constriction that forces the highway, railroad, natural gas pipeline, and river into close proximity.
Milepost 62: Portneuf Gap. Scour marks 100 m above the valley fl oor, especially on the south side, mark the highest level of the Bonneville Flood. Basalt is missing here but reappears a quarter-mile ahead where the interstate once again rises to its top. At this point, the road crosses the Fort Hall Canyon fault, a late Miocene normal fault that separates the Bannock Range from Portneuf Valley.
Milepost 63: The highway turns northwest and Portneuf Valley is visible in all directions.
Leave the interstate at exit 67. Turn left at stop sign and drive 1.0 mi north on South 5th Avenue. Turn right on Barton Road and drive 0.2 mi to base of Red Hill. Park on left side of road at trail sign (UTM 12T 384030E 4745233N). Take rough path with switchbacks to crest of Red Hill and walk ~700 m north of vehicles along the crest to its highest point, where the Snake River Plain fi rst appears on the north horizon.
Stop 1.4. Red Hill
This end of Red Hill is underlain by Neoproterozoic Camelback Mountain Quartzite that dips gently east. Splays of the Fort Hall Canyon normal fault bound Red Hill on west and east sides, so that it forms an intrabasin bedrock high.
To the north, the eastern Snake River Plain is a low-relief basaltic plain whose minor hills are shield volcanoes. The basalt near Pocatello is ca. 2-4 Ma (Kellogg et al., 1994; Tauxe et al., 2004) . Most of the basalt is covered by younger alluvium and loess in the nearby Snake River Valley, but ~40 km away the basalt is exposed. Three prominent rhyolite (or rhyolite-cored) Pleistocene buttes are visible-Big Southern Butte, Middle Butte, and East Butte. On clear days the Basin-Range mountains north of the ESRP are visible on the horizon, ~100 km away. The ESRP formed in the wake of the Yellowstone hotspot and records ~6 m.y. of dominantly basalt magmatism and isostatic subsidence.
To the east, the main strand of the Fort Hall Canyon fault is located at the base of the Pocatello Range where the break in slope occurs. The fault dips ~25° west beneath the Portneuf Valley including Red Hill. Several fault splays are present at the latitude of Red Hill, defi ning a segment boundary between single fault strands and sub-basins to the north and south. Cumulative offset is ca. 5 km (Rodgers and Othberg, 1999) .
To the south, the Fort Hall Canyon fault crosses Portneuf Valley at the base of Portneuf Gap and extends southward to Justice Park, located on the horizon at the break in slope ~500 m below and west of the tallest peak, Scout Mountain. Immediately west of the fault, the low hills are underlain by conglomerate and minor tuff of the late Miocene Salt Lake Group. Note that the elevation of exposed Salt Lake Group increases toward Justice Park, which is at ~2150 m.
To the west, bedrock in the Bannock Range is everywhere tilted east due to block tilting during normal faulting. On the horizon just south of Kinport Peak (with the radio towers) is a fl at pediment surface beveled into tilted bedrock. This surface is the same elevation (~2150 m) as Starlight Formation at Justice Park and interpreted to record the fl oor of the ancestral Portneuf Valley before late Cenozoic incision.
Also to the west, in the foreground, is a bedrock high that gravity and drilling indicate is the westward continuation of Red Hill (Reid, 1997) . From the bedrock northwards is the West Bench, a fl at surface graded toward the center of the valley. The West Bench and the mirror-image East Bench are underlain by Middle Pleistocene alluvial fan deposits, evidence that an episode of backfi lling occurred in the Portneuf Valley. Presumably the entire valley was fi rst eroded to a level ~50 m below the benches, then backfi lled to the level of the benches. A sharp fl uvial scarp associated with the Bonneville Flood terminates the West Bench.
The ca. 430 ka Portneuf basalt crops out just a few hundred meters southwest of southern Red Hill. This is the northernmost outcrop of the 70 km long basalt fl ow-from here it dips slightly north, is concealed by younger sediment for a few kilometers, and then terminates beneath northern Pocatello.
During the 17 ka Bonneville Flood, water depth was sufficient to fl ow over the top of the Portneuf basalt but not over the West and East Benches. The top of Red Hill was probably just above water level. Boulders 2-3 m in diameter were transported short distances before fi nal deposition in downtown Pocatello and Chubbuck, to the northwest of here. From Red Hill northward is a continuous layer of fl ood gravels characterized by particle sizes that decrease northward onto the Snake River Plain (Trimble, 1976) . How much incision was completed by the main Bonneville Flood, or even its possible non-catastrophic precursor, has not been documented for this location. See also Link and Phoenix (1996) , which contains historical photographs from this location and a summary of the Bonneville Flood in southeast Idaho.
The modern Portneuf River fl oodplain is between the Portneuf basalt and the West Bench. The Portneuf River has established a meandering pattern along the valley fl oor, but has neither eroded nor deposited much sediment. However, its tributary streams have incised the foothills and East and West Benches and formed small alluvial fans on the valley bottom, as seen from this location.
Return to vehicles. Return to Interstate 15 interchange and turn onto the northbound entrance ramp. Drive 25 mi north on Interstate 15 to Blackfoot and take exit 93 at the U.S. Highway 26 interchange. Drive northwest on U.S. 26 across the eastern Snake River Plain to Arco, a distance of ~60 mi, to fi nd accommodations for the night.
